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Abstract: Austenitic manganese steel has a high toughness, high ductility, high strain hardening capacity and excellent 
wear resistance, the material is mostly used in the mining industry for crushing and loading equipment. High manganese 
steel shows superior wear resistance when used under primary crushing system than when used under secondary and 
tertiary modes of crushing. This work presents the effect of vanadium content on the mechanical properties and 
microstructure evaluation of high manganese steel. The addition of vanadium to high manganese steels has a direct 
increase on the hardness and wear resistance. Impact testing for alloys containing vanadium showed low impact energies 
compared to the standard manganese steel. The increase in hardness and the wear resistance of the alloys was explained 
on the basis of vanadium carbide which had formed on the austenitic matrix. It was observed that the carbon and vanadium 
content will have an effect on the mechanical properties of high manganese steel alloyed with vanadium. Microstructural 
examination showed that the size and distribution of vanadium carbides has an effect on the mechanical properties and 
the wear behaviour. Therefore, this work shows that the addition of vanadium to high manganese steel will increase the 
hardness and wear resistance while decreasing the impact energy of high manganese steel alloyed with vanadium.  
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INTRODUCTION 
High manganese steel was created in 1882 by Robert Hadfield. The steel has an enormous capacity for work-
hardening upon impact, and is commonly used for railroad components, such as frogs and crossings and for 
rock-handling equipment. High manganese steel is a hypereutectoid steel alloy with a nominal composition 
of iron, 1.1% carbon and 13% manganese [2]. Since 1882, many efforts have been made to improve high 
manganese steel either by improving its work hardening rate or by adding various alloying elements such as 
Cr, V or Ti. Recently Mahlami and Pan, [7,8] reviewed high manganese steel casting and the challenges 
faced upon improvements.  
The present paper deals with the improvement of high manganese steel casting, by looking at the effect of 
carbon and vanadium content on the mechanical properties and internal structure. High manganese steel has 
a high toughness, high ductility, high strain hardening and an excellent wear resistance when used in primary 
crushing systems [1]. Manganese steel has a surface hardness of 200BHN after heat treatment and high 
impact toughness. The work hardening rate can increase giving a surface hardness of about 600 BHN [5]. 
Due to the variety of applications, there are a number of modified grades for manganese steels. Some 
applications require high impact resistance and good wear resistance. For example, jaw crushers and impact 
crushers are used for primary crushers while moderate impact and high wear resistance are used in secondary 
and tertiary crushing equipment.  
It is important to understand that for secondary and tertiary crushing equipment the rate of work hardening 
decreases because the impact loads and the feed material are not as large compared to the primary crushing 
systems. This allows the surface hardness of high manganese steel to decrease and the wear rate to increase 
thus the steel experiences material loss. The reason for this loss of material results from the difference in 
performance and working mechanism for primary, secondary and tertiary crushing equipment. Jaws, 
Gyratory and Impactors are typically primary crushers with a feed size of 500–2000mm, while cone crushers 
are secondary crushers with a feed size of 100–400 mm. Tertiary/fine crushers have a feed size of 10–100 
mm in the crushing process [6]. Factors which affect the crushing performance of the crushing unit are []: 
Liner material wear 
Feed size distribution  
Feed type 
Feed rate 
Mechanical variable 
Machine operation variable 
 
 Figure 1 and 2  show typical worn example of a jaw from a jaw crusher, and a concave and mantle from a 
cone crusher.  
 
FIGURE 1: Worn jaws from a jaw crusher 
    
The purpose of this study is to investigate the effect of carbon and vanadium content on the mechanical 
properties, wear behaviour and microstructure of high manganese steel casting used for secondary and tertiary 
crushing systems. This was done by producing a standard Hadfield manganese steel, then comparing it with 
modified grades alloyed with different vanadium and carbon content. 
EXPERIMENTAL WORK 
Procedure  
The basis of this experiment has been blocks of scraper blade made from high manganese steel. The steel 
was re-melted and alloying elements were added in the laboratory induction furnace. 
The as received casting were cut to blocks of appropriate size to fit into the 5kg lab induction furnace. The 
steel blocks were heated to the liqudius temperature of 1400 Ԩ then Granules of ferro vanadium were added 
to the melt. Ferro manganese was added to the melt to compensate for the loss of manganese while ferro 
aluminium was added to the melt for deoxidizing purposes. Four casting with vanadium addition and one 
reference alloy without addition were casted. The sample from the chines standard was also used as a 
reference point for high manganese steel alloyed with vanadium. The chemical composition of the alloys is 
given in table 1. The standard high manganese steel was austenitized at 1050oC for 3hrs as per the industrial 
procedure. The high manganese steel alloyed with vanadium was austenitized at 1070oC, held for three hours 
at an austinizing temperature. The heat treated samples were then quenched in agitated water to room 
temperature. Fig 2 presents the heat treatment cycle followed. The heat treatment was conducted inside the 
laboratory muffle furnace with purging argon gas to avoid oxidation and decarburization. 
 
FIGURE 2: Worn concave and mantle from a cone 
crusher 
 
FIGURE 3:  heat treatment cycle for high manganese steel and modified grades alloyed with vanadium After heat treatment, 
samples were then taken for sizing using a wire cutter machine to prepare them for macro vickers hardness test, charpy 
impact test, three body abrasion test, microstructure evaluation and SEM analysis.   
 
RESULTS 
Chemical composition  
The chemical composition for the samples alloyed with vanadium was measured using a (04 Tansman) 
spectrometer calibrated for alloys with high manganese content. The results for the chemical composition are 
given in table 1 below in wt%. The silicon content in this samples where higher than expected while the 
chromium, sulphur and phosphorous where lower as per the standard for high manganese steel. No carbon 
content added to these heats yet alloy 1 and alloy 2 showed to have a high carbon content. Even though there 
was some addition of manganese to these melt, there seems to be a loss in manganese during melting. 
TABLE 1: Chemical composition of High manganese steel and modified grades alloyed with different vanadium content 
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Hadfield 1.25 14,02 0.69 0.28 - 0.05 0.05 
Alloy 1 2 11 1.4 0.4 1.7 0.1 0.05 
Alloy 2 2.4 11.33 1.7 0.5 1.4 0.05 0.05 
Alloy 3 1.14 11 1   0.5 4.5 0.05 0.05 
Alloy4 1.038 10.5 0.8 0.5 7.9 0.05 0.05 
Japanese  
STD 
2.57 11 0.5 ---- 7 0.05 0.06 
Microstructure evaluation  
The microstructure of high manganese steel after austenitizing at 1050oC for 3hrs is given in figure 4. The 
matrix is completely austenite with some dark phases of Iron carbide or chromium carbide inside the grain 
boundary. The microstructure was taken using an optical microscope. This microstructure had greyish 
constituent of manganese sulphide on the austenitic matrix.  
 
                 
FIGURE 4: Microstructure of high Manganese steel. 
 
The microstructure of alloy 2 after austenitizing at 1070oC  for 3hrs  is given  in  figure 5. These 
sample had a 2.4% carbon and 1.4% vanadium. The micro graph shows continuous net‐ work of 
vanadium carbides that have formed along the grain boundaries. The microstructure on the left 
was taken at a higher magnification, and this alloy had crack propagation just after casting.  
                
FIGURE 5: Microstructure for Alloy 2 having 2.4%C and 1, 4%V.  
Figure 6 below shows alloy 1, and the carbides formed are not showing continuous net‐work along 
the grain boundaries, but rather they have formed as lamellar like structure. This alloy had a 2% 
carbon and a vanadium content of 1.7%. 
           
FIGURE 6: Microstructure for Alloy 1 with 2%C and 1. 7%V 
Figure 7 show the microstructure of alloy 3. This microstructure had small, semi round to sub 
angular carbides that are formed in a dark matrix depleted with free vanadium on the austenitic 
matrix. This microstructure is almost identical with the one seen in figure 8 for alloy 4. The Dark 
matrix in alloy 3 and 4 may had formed due to the saturation of vanadium in solution. 
 
              
FIGURE 7: Microstructure for alloy 3 with 1.14C and 4.5%V 
 
                      
FIGURE 8: Microstructure for alloy 4 with 1.0 C and 7.9%V 
        
 
SEM and EDS  
Scanning electron microscope (SEM) and energy dispersive spectroscope (EDS) was used in alloys with 
vanadium as well as the standard alloy. This technique was used to determine the composition of the phases 
present in these samples. Figure 9 and 10 shows the SEM micrographs and the EDS spectrum for the standard 
manganese steel. The small rounded particles might be iron carbide or chromium carbide. The EDS results 
clearly show the chemical composition on the matrix of the standard sample. 
             
  FIGURE 9: Microstructure of High Manganese steel              FIGURE 10: EDS for High manganese steel 
The SEM and EDS results for alloy 1 are given in figure 11 and 12 below. The sample consists of vanadium 
carbide on the austenitic matrix. The EDS result reveals that, these particles consist of vanadium as the main 
constituent as seen in figure 12. The carbide particle present are similar to the one seen in figure 6. The 
chemical composition for this particles is given in table 2 
 
FIGURE 11: SEM image for alloy 1 after austenitizing at 1070 oC for 3hrs 
 
FIGURE 12: EDS spectra taken on the carbide particle for alloy 1. 
TABLE 2: Chemical composition of carbide particle formed in alloy 1  
 
 
 
 
 
 
 
 
 
2 4 6 8 10 12 14
keV
0
2
4
6
8
10
12
14
 cps/eV
 Fe  Fe  Mn 
 Mn 
 Cr 
 Cr 
 C  V 
 V
(Alloy 1)  
Element series  [wt.%] 
 [norm. 
wt.%] [norm. at.%] Error in % 
Iron K-series 21.75 26.04 19.31 0.63 
Manganese K-series 3.94 4.72 3.56 0.23 
Chromium K-series 0.78 0.94 0.75 0.55 
Carbon K-series 6.61 7.91 27.28 1.03 
Vanadium K-series 50.44 60.39 49.10 1.86 
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The SEM image for alloy 3 is given in figure 13. This sample had 1.14% C and 4.5% V. The small semi 
round particle are believed to be vanadium carbide formed on the austenitic matrix. The EDS results shows 
a peak of vanadium as one of the constituent in this particle. The composition for the carbide formed is given 
in table 3. 
 
 
FIGURE 13: SEM image for alloy 3 after austenitizing at 1070 oC for 3h 
 
 
FIGURE 14: EDS spectra taken on the carbide particle for alloy 3 
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Alloy 4 had 1% C and 7.9% V, this sample had a depletion of vanadium on the austenitic matrix. The SEM 
image for this alloy is identical to what was observed in figure 8. Figure 16 reveal the EDS for the carbide 
particles, while figure 17 shows the EDS results for the bulk material for alloy 4. The chemical composition 
for both the carbide and the bulk material is given in table 4. 
 
        FIGURE 15: SEM image for alloy 4 after austenitizing at 1070 oC for 3h 
TABLE 3: Chemical composition of the carbide particle formed in alloy 3 
(Alloy 3)  
Element series  [wt.%]  [norm. wt.%] [norm. at.%] Error in % 
Iron K-series 60.72 73.95 61.68 1.66
Manganese K-series 9.18 11.18 9.48 0.38
Chromium K-series 0.34 0.41 0.37 0.25
Carbon K-series 3.87 4.71 18.28 0.69
Vanadium K-series 6.59 8.02 7.34 0.53
Silicon K-series 1.41 1.72 2.85 0.09
Analysed particle  
 
FIGURE 16: EDS spectra taken on the carbide particle for alloy 4 
 
 
FIGURE 17: EDS spectra taken on the bulk material for alloy 4. 
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TABLE 4: Chemical composition of the carbide particle and bulk material formed in alloy 4 
 
 
Hardness measurements  
Macro hardness test results after austenitizing at 1050oC for the standard manganese steel and 1070oC for the 
samples alloyed with vanadium were measured, and these measured values were averaged. Three indentation 
where taken for each sample and it can be seen that the hardness values increase with an increase in vanadium 
addition. Figure 18 below shows the bar graph of hardness vs % vanadium and % carbon in the samples. 
 
FIGURE 18: Macro Vickers hardness Vs different carbon and vanadium content in the alloys. 
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Iron K-series 1.55 1.92 1.36 0.09
Manganese K-series 0.49 0.61 0.44 0.09
Chromium K-series 0.41 0.51 0.39 0.30
Carbon K-series 7.25 8.99 29.59 1.13
Vanadium K-series 70.94 87.97 68.23 2.42
Alloy 4 bulk material 
Iron 70.95 77.52 70.54 1.93 70.95
Manganese 13.64 14.90 13.78 0.51 13.64
Chromium 0.78 0.85 0.83 0.54 0.78
Carbon 2.12 2.31 9.78 0.42 2.12
Vanadium 3.30 3.61 3.60 0.36 3.30
Silicon 0.74 0.81 1.46 0.06 0.74
Impact testing  
The Energy absorb by the samples before fracture has been measured, three test for each sample was 
conducted and the measured values for the samples are averaged. Figure 19 shows impact energy Vs 
percentage vanadium and carbon content in the samples. It can be seen that the impact energy decreases 
with the increase of vanadium. It is also evident that the impact energy is inversely proportional to the 
hardness values. 
 
FIGURE 19: Charpy impact energy in jouls Vs different vanadium and carbon content in the alloys. 
 
Abrasive wear testing 
The results for the abrasive wear test after austenitizing at 1050oC for the standard manganese steel and 
1070oC for the samples alloyed with vanadium are given in figure 19. The two most important observations 
with these results are (i) the wear rate of the samples decreases with an increase in vanadium content and (ii) 
the wear rate is inversely proportional to the hardness results.  
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FIGURE 20: Wear Rate of High manganese steel alloyed with different vanadium. 
 
DISCUSSIONS 
Microstructure evaluation   
High manganese steel in as cast condition has grain boundary carbides surrounding the austenitic grains. 
These carbides sometimes form as net- work structure around the austenitic matrix and make the material to 
be hard and brittle as stated by Moghaddam. Solution annealing at 1050oC, then quenching in agitated water 
can dissolve the carbides and leave an austenitic matrix free of grain boundary carbides as seen in figure 4. 
Figure 4 shows the microstructure of high manganese steel with some undissolved FeC and CrC carbides on 
the matrix. There is some greyish constituent of manganese sulphide surrounding the black phases of carbides 
on the matrix. It can also be seen in these micrographs that, there exist a combination of small and big grains, 
meaning that the austenitizing temperature was sufficient enough to dissolve the carbides while avoiding 
grain growth. 
 
Figure 5 shows the microstructure of alloy 2 after austenitizing at 1070oC for 3hrs. This alloy had 1.4% 
vanadium and a carbon content of 2.4%, and it had cracks just after casting. The microstructure shows 
continuous net- work of vanadium carbides formed along the grain boundaries. According to literature, if 
carbides are present on the steels matrix, it is advisable to have them as round to semi-round particles that 
are evenly dispersed into the matrix. Therefore, this continuous network of vanadium carbides formed along 
the grain boundaries justifies the presence of premature cracks just after casting. It is believed that the carbide 
of this nature was caused by the excess of carbon in solution, while having low vanadium to form stable 
carbides. 
It was then decided to cast an alloy with low carbon content and a higher vanadium content to see if ever the 
carbon content had an influence on the carbide formed in figure 5. Alloy 1 had a vanadium content of 1.7% 
and a carbon content of 2%, just a bit above in vanadium and below in carbon content as compared with alloy 
2. The microstructure of alloy 1 is given in figure 6 and the carbides formed are not showing continuous 
network along the grain boundaries but rather they have formed as lamellar like structure evenly distributed 
across the austenitic matrix. It was also found that these two alloys (alloy 1 and alloy2) had completely 
different properties, even though that the variation in the chemical composition had a 0.4% difference in 
carbon and vanadium content. 
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Figure 7 and 8 shows the microstructure of the reinforced high manganese steel with vanadium, taken at 
100X and 200X magnifications. Both this figures show nearly identical microstructure of small, semi round 
and triangular carbides that are formed in a dark matrix depleted with free vanadium on the austenitic matrix. 
Figure 7 has a 1.14%C and a vanadium content of 4.5% while figure 8 has 1.03%C and a vanadium content 
of 7.9%. The matrix on figure 8 is darker as compared to figure 7 due to the higher percentage of vanadium 
and lower carbon content in the sample. Both this structures had higher hardness value as compared to the 
standard manganese steel and alloy 1. 
 
SEM and EDS  
Figure 9 shows a light field electron image at 100µm of the standard manganese steel. There is some small 
light particle on the metal matrix. The EDS results revealed that the bulk material consist of Mn, C, Si and 
Cr as the standard composition of the bulk material. The EDS results justifies that the image seen in figure 4 
is indeed the high manganese steel alloy.  
The results for the SEM and EDS for alloy 1 are given in figure 11 and 12. At first, it was assumed that the 
lamellar like structures that was seen in alloy 1 was vanadium carbide due to the fact that 1.7% of vanadium 
was added into this alloy. EDS spectra has shown clearly that the particle analysed had vanadium as the main 
constituent of this particles and this meant that the carbide formed was indeed vanadium carbide. This particle 
had a vanadium content of 50.44 wt% with a mean Error in percentage of 1.8. The other elements found in 
this particle was Fe, Mn, Cr and C. 
The SEM image for alloy 3 is given in figure 13. This sample has 1.4% C and 4.5% V. It has been proofed 
using the EDS results that this small semi round particle are vanadium carbide formed on the austenitic matrix 
as seen in figure 13. The chemical composition of this particle is given in Table 3 and it was found that, the 
particle analysed has a vanadium content of 6.6wt% with a mean error of 0.53%. The other elements found 
in this particle are Fe, Mn, C, Cr and Si as seen in table 3.  
Alloy 4 had more or less the same structure as alloy 3. This sample has 1%C and 7.9% V. The SEM image 
of this sample is given in figure 15. The difference between alloy 3 and alloy 4 is the excess vanadium seen 
in alloy 4 due to the high percentage of vanadium present in the sample. The EDS results also proofed that 
the particle analysed was indeed vanadium carbide as seen in figure 16. The chemical composition of the 
particle analysed is given in table 4. It can be seen that, this particle had a vanadium content of 70.9wt% 
being the highest in vanadium content as compared to alloy1 and alloy3. The chemical composition of the 
bulk material in alloy 4 was also analysed, trying to find out what was the dark constituent that was seen in 
the matrix. Figure 17 showed that the bulk material had vanadium present as one of the constituent and this 
prove that the dark phase seen in figure 15 might be free vanadium depleted on the austenitic matrix. The 
percentage of the vanadium present on the matrix was found to be 3.3wt%. 
 
Hardness 
Macro hardness of all heat treated samples with and without vanadium addition were measured, and these 
measured values were averaged. Figure 18 shows the graph of macro Vickers hardness Vs Percentage 
vanadium and carbon content.  
The hardness profile of these sample increases with an increase in carbon and vanadium content. Alloy 2 had 
1, 4% vanadium and a carbon content of 2.4%, this sample showed to have the second highest hardness of 
441Hv as compared to the Chines standard sample, with a vanadium content of 7% and a carbon content of 
2.5%. Alloy 2 had cracks propagating in different direction in the as-cast condition as well as in the heat 
treated and quenched condition. The presence of these cracks arise from the carbides that have formed along 
the grain boundaries, causing stress concentration and grain detachment thus making the sample to have 
cracks on the metal surface. Due to the presence of these grain boundary carbides that are so detrimental to 
the properties of the steel, this sample cannot be recommended for industrial use. 
Alloy 1 had a vanadium content of 1.7% and a carbon content of 2%, this sample had a hardness measurement 
of 297Hv being the lowest compared to alloy 2 and the chines standard sample. Alloy 1 can perform better 
under secondary crushing system because it will have a combined effect of the vanadium carbides, as well 
as the work hardening properties that comes as a result of moderate impact loads and high compression loads. 
Alloy 3 and 4 had a vanadium content of 4.5% and 7.9% respectively, with a carbon content of 1.14% and 
1.083%. For these low carbon manganese steel with vanadium, the strengthening mechanism comes from the 
effect of carbides and the depletion of excess vanadium on the austenitic matrix. This can be seen when 
comparing alloy 1 having a hardness of 297Hv with alloy 3 having a hardness of 358Hv. Alloy 3 had higher 
vanadium content than alloy 1 and because of the excess of vanadium on the matrix; the sample had shown 
to have a higher hardness value than alloy 1.  
The chines STD with 7% vanadium and 2.5% carbon showed to have the highest hardness and can be used 
in application where there are no impact loads and high wear which is the tertiary mode of crushing. The 
standard high manganese steel has the lowest hardness of 248Hv and can be used for application where high 
impact loads are required, e.g. primary crushing equipment.  It can be concluded that the chines alloy of the 
type G13L close to the Japanese patent No 7603, has the best promising results compared to the entire sample 
in this study (Shalashov, 1970). 
 
Impact testing  
The Energy absorb by the sample before fracture is given in figure 19. In this figure, it can be seen that the 
impact energy decreases with an increase in vanadium and carbon content. High manganese steel had the 
highest impact energy than all the alloys in figure 19. This sample had no vanadium carbide on the austenitic 
matrix thus it was anticipated that it will have the highest impact energy than the entire sample in figure 19.  
The brittle phases along the grain boundaries in alloy 2 causes stress concentration, crack initiation, grain 
detachment by crack growth and subsequently low impact toughness because of the high carbon content and 
low vanadium. Alloy 1 had impact energy of 16J because of the lamellar structure on the austenitic matrix. 
Alloy 3 and alloy 4 had the highest hardness as compared to alloy 1 and high manganese steel. For that 
reason, it was anticipated that both these alloys will have the lowest impact energy as seen in figure 19. 
 
Abrasive wear testing  
High manganese steel without vanadium had the highest wear rate of 0.01 than the other samples macro 
alloyed with vanadium. Due to the absence of vanadium carbides on the matrix of high manganese steel, the 
sand particles does not cause the surface of the steel to work harden. This causes the material to wear off 
faster than it would have been if there where carbide particles on the matrix and it was used under gauging 
abrasion. Alloy 1, alloy 3 and alloy 4 showed to have the least wear rate as compared to the standard steel. 
The decrease in the wear rate is caused by the surface hardness being high because of the existence of the 
hard vanadium carbide dispersed in the austenitic matrix. Alloy 2 with 1.4% vanadium and a carbon content 
of 2.4% had the highest hardness and the lowest impact energy. This sample also showed to have the least 
wear rate than all the alloys as anticipated.   
 CONCLUSION       
The conclusions drawn from this work are as follows: 
 The addition of vanadium to high manganese steel will change the austenitic matrix of high manganese steel 
to a microstructure of austenite and reinforced vanadium carbides. 
 It has been seen that, carbon and vanadium content will influence the morphology of vanadium carbide 
formed on the austenitic matrix of high manganese steel. 
 Carbon and vanadium content can increase the hardness profile of high manganese steel, provided that the 
C:V is at an optimum. 
 The impact energy of high manganese steel alloyed with vanadium is inversely proportional to the hardness 
profile. 
 The wear rate of high manganese steel alloyed with vanadium is inversely proportional to the hardness results 
that is, wear resistance is directly proportional to the hardness value 
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